Multi-stage Bubble Column Humidifier for Thermal Driven Mechanical Compression  Humidification Dehumidification Desalination System by unknown
kt1 
4 
r.(*444/.'44.4.*4*4r-14 1^t4(*4tit+**j.+14, t+i414414 (%_ 	 Js_ c.k r, 	 c‘a.. 	 (71, r. 	 r,.. 	 , 
MULTI-STAGE BUBBLE COLUMN HUMIDIFIER FOR THERMAL 
DRIVEN MECHANICAL COMPRESSION HUMIDIFICATION 
DEHUMIDIFICATION DESALINATION SYSTEM 
BY 
OBAIDALLAH MOHAMMAD ALI MUNTESHARI 
A Thesis Presented to the 
DEANSHIP OF GRADUATE STUDIES 
KING FAHD UNIVERSITY OF PETROLEUM & MINERALS 
DHAHRAN, SAUDI ARABIA 
In Partial Fulfillment of the 
Requirements for the Degree of 
MASTER OF SCIENCE 
In 
MECHANICAL ENGINEERING 
APRIL 2014 
► 
KING FAHD UNIVERSITY OF PETROLEUM & MINERALS 
DHAHRAN 31261, SAUDI ARABIA 
DEANSHIP OF GRADUATE STUDIES 
This thesis, written by OBAIDALLAH MOHAMMAD ALI MUNTE-
SHARI under the direction of his thesis adviser and approved by his thesis 
committee, has been presented to and accepted by the Dean of Graduate Stud-
ies, in partial fulfillment of the requirements for the degree of MASTER OF 
SCIENCE IN MECHANICAL ENGINEERING DEPARTMENT. 
Thesis Committee 
Dr. Amro M. Al-Qutub (Adviser) 
Dr. Mohamed A. Antar (Member) 
Dr. Mostafa ElSharqawy (Member) 
Dr. Zuhair M. Gasem 
Department CJirman 
Dr. Salem A. Zummo 
Dean of Graduate Studies 
?A 15-114 
Date 
© Munteshari, Obaidallah
2014
iii



	

	

		


	


	

	


iv
ACKNOWLEDGMENTS
In the name of Allah, the most Compassionate, the most Merciful. I am most
grateful to Allah for He bequeaths me the favor to live in sound health and to
undertake this task successfully.
I am thankful to the authority of the King Fahd University of Petroleum and
Minerals, especially the Mechanical Engineering Department for providing me the
environment to pursue this level of study. I am also thankful to the Clean Water
Clean Energy Center (KFUPM-MIT collaboration) for giving me the opportunity
to conduct two months of research at MIT. I wish to appreciate the kindness
and encouragement of my thesis committee, comprised of Dr. Amro Alqutob,
Dr. Mohammad Antar and Dr. Mostafa Elsharqawy. Without their high quality
advice, encouragement and good human relationship, this work may not have come
to fruition. I am proud to have you as my committee members. I am particularly
thankful to my advisor, Prof. Amro Alqutub for his patience in spite of all my
shortcomings. I must confess that this work attained the status of a Master thesis
due to his untiring attitude to encouraging, advising and supporting me throughout
the course of this work.
I am also grateful to Dr. Fahad Alsulaiman and Dr. Syed Zubair who were very
helpful and supportive. I appreciate the assistance of Eng. Bha’a Aldeen (Abo
v
Ahmad) from Mechanical Engineering Department for his practical assistance and
support throughout the work. My gratitude goes to all Mechanical Engineering
graduate students, faculty and staff.
I am highly indebted in thanks to my entire family members. Your kind physical,
moral and spiritual supports have been my source of propulsion to achieving any
worthy endeavors. I am proud of you all.
To all my friends and colleagues, I am ever grateful to you all. I can not imagine
what this experience would be have been without your supports. Thank you all.
vi
TABLE OF CONTENTS
ACKNOWLEDGEMENT v
LIST OF TABLES x
LIST OF FIGURES xi
NOMENCLATURE xiv
THESIS ABSTRACT (ENGLISH) xviii
THESIS ABSTRACT (ARABIC) xx
CHAPTER 1 INTRODUCTION 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Varied-pressure humidification dehumidification desalination sys-
tem review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Bubble column humidifier review . . . . . . . . . . . . . . . . . . 7
1.4 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
CHAPTER 2 THERMODYNAMIC ANALYSIS OF TDMC-HDH
CYCLE 16
2.1 Thermal driven mechanical compression HDH cycle . . . . . . . . 16
2.2 System and performance parameters . . . . . . . . . . . . . . . . 18
2.2.1 Gained-Output-Ratio . . . . . . . . . . . . . . . . . . . . . 18
2.2.2 Vapor productivity ratio . . . . . . . . . . . . . . . . . . . 19
vii
2.2.3 Sapicific heat input . . . . . . . . . . . . . . . . . . . . . . 19
2.2.4 Energy effectiveness . . . . . . . . . . . . . . . . . . . . . . 20
2.2.5 Heat capacity rate ratio . . . . . . . . . . . . . . . . . . . 20
2.3 Equations and modeling details . . . . . . . . . . . . . . . . . . . 21
2.3.1 Humidifier . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3.2 Dehumidifier . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.3.3 Turbocharger . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.3.4 Heat Exchanger . . . . . . . . . . . . . . . . . . . . . . . . 29
2.3.5 Heater . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 31
2.4.1 Effect of pressure ratio and pressure losses . . . . . . . . . 34
2.4.2 Effect of humidifier, dehumidifier and heat exchanger effec-
tivenesses . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.4.3 Effect of ambient conditions . . . . . . . . . . . . . . . . . 37
2.5 Target Performance . . . . . . . . . . . . . . . . . . . . . . . . . . 41
CHAPTER 3 MULTI-STAGE BUBBLE COLUMN HUMIDI-
FIER 44
3.1 Terminology used . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.2 Multi-stage bubble column humidifier design . . . . . . . . . . . . 46
3.2.1 Frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.2.2 Sparger . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.2.3 Upper and lower plates . . . . . . . . . . . . . . . . . . . . 49
3.3 How it works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.3.1 Water stream . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.3.2 Air stream . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.4 Experimental setup and procedures . . . . . . . . . . . . . . . . . 53
3.4.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . 53
3.4.2 Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4.3 Measurement devices . . . . . . . . . . . . . . . . . . . . . 55
viii
3.5 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 57
3.5.1 Sparger profile selection . . . . . . . . . . . . . . . . . . . 57
3.5.2 Effect of the mass flow rate ratio on the humidifier perfor-
mance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.5.3 The importance of the insulation . . . . . . . . . . . . . . 60
3.5.4 Foam formation . . . . . . . . . . . . . . . . . . . . . . . . 61
3.5.5 Effect of air superficial velocity and water gate height . . . 62
3.5.6 Effect of the number of stages on the humidifier’s effectiveness 64
3.5.7 Pressure losses . . . . . . . . . . . . . . . . . . . . . . . . 65
3.5.8 Relative humidity of the outlet air . . . . . . . . . . . . . . 68
3.5.9 Comparison with packed bed humidifier . . . . . . . . . . 69
3.6 Incorporating the multi-stage bubble column humidifier in the
TDMC-HDH cycle . . . . . . . . . . . . . . . . . . . . . . . . . . 71
CHAPTER 4 CONCLUSION AND FUTURE SCOPE 74
4.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.2 Future scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
APPENDICES 78
APPENDIX A ORIFICE METER DESIGN 79
APPENDIX B TURBOCHARGER 82
APPENDIX C UNCERTAINTY ANALYSIS 84
C.1 Thermocouples and data logger calibration . . . . . . . . . . . . . 86
C.2 Uncertainty analysis tables . . . . . . . . . . . . . . . . . . . . . . 88
REFERENCES 92
VITAE 98
ix
LIST OF TABLES
1.1 Comparison of mechanical compression HDH with other work
driven small scale desalination technologies. . . . . . . . . . . . . 5
1.2 Summery of the literature review . . . . . . . . . . . . . . . . . . 13
2.1 Processes of TDMC-HDH cycle . . . . . . . . . . . . . . . . . . . 22
2.2 Baseline values . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.1 Spargers profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.2 Loss coeffecient for various transitions. . . . . . . . . . . . . . . . 67
3.3 The values used to re-evaluate the TDMC-HDH cycle . . . . . . . 71
3.4 Experimental data . . . . . . . . . . . . . . . . . . . . . . . . . . 72
C.1 Uncertainty analysis at m˙r = 2 . . . . . . . . . . . . . . . . . . . 89
C.2 Uncertainty analysis at m˙r = 4 . . . . . . . . . . . . . . . . . . . 90
C.3 Uncertainty analysis at m˙r = 6 . . . . . . . . . . . . . . . . . . . 91
x
LIST OF FIGURES
1.1 Water scarcity index. . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Basic humidification dehumidification Cycle. . . . . . . . . . . . . 3
1.3 HDH cycle configurations. . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Basic varied-pressure HDH. . . . . . . . . . . . . . . . . . . . . . 4
1.5 Varied-pressure HDH cycle represented in psychometric chart . . . 6
1.6 spray tower. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.7 Wetted-wall tower. . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.8 Packed bed tower. . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.1 Thermal driven mechanical compression HDH cycle . . . . . . . . 17
2.2 Thermal driven mechanical compression HDH cycle stations . . . 22
2.3 Effect of heat capacity ratio of humidifier on specific work and
specific entropy generation. . . . . . . . . . . . . . . . . . . . . . . 32
2.4 HCR of the humidifier versus GOR for TDMC-HDH cycle. . . . . 33
2.5 HCR of the dehumidifier versus GOR for TDMC-HDH cycle. . . . 33
2.6 Effect of pressure losses on performance of TDMC-HDH cycle. . . 35
2.7 The effect of pressure ration on vapor productivity ratio and rate
of heat input. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.8 Effect of components effectivenesses on performance of TDMC-
HDH system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.9 Effect of ambient temperature on the performance of the system. . 38
2.10 Effect of ambient relative humidity on the performance of the system. 40
xi
2.11 GOR versus ambient relative humidity for OAOW-WH cycle. GOR
for CAOW-WH cycle also plotted for reference. . . . . . . . . . . 40
2.12 Effect of pressure ratio on the maximum performance of TDMC-
HDH system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.13 Effect of mass flow rate ratio on the maximum performance of
TDMC-HDH system. . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.14 Effect of inlet air and water temperatures on the maximum perfor-
mance of TDMC-HDH system. . . . . . . . . . . . . . . . . . . . 43
2.15 Effect of inlet air relative humidity on the maximum performance
of TDMC-HDH system. . . . . . . . . . . . . . . . . . . . . . . . 43
3.1 Tested spargers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.2 Holes design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.3 Embedded O-ring around the sparger . . . . . . . . . . . . . . . . 48
3.4 Embedded O-ring for water gate and base cup holder . . . . . . . 49
3.5 Assembling the water gate and its base cup in the spargers . . . . 50
3.6 Upper and lower plates design. . . . . . . . . . . . . . . . . . . . . 50
3.7 Multi-stage bubble column humidifier . . . . . . . . . . . . . . . . 52
3.8 Schematic diagram of experimental setup . . . . . . . . . . . . . . 54
3.9 Effect of sparger profile on the humidifier effectiveness. . . . . . . 58
3.10 Effect of sparger profile on the pressure drop. . . . . . . . . . . . 58
3.11 Heat and mass transfer for different heat capacity rate ratios. . . . 59
3.12 Heat losses with and without insulation. . . . . . . . . . . . . . . 61
3.13 Foam formation at VSG = 25cm/s and h = 5cm. . . . . . . . . . . 62
3.14 Normal bubble flow at VSG = 15cm/s and h = 5cm. . . . . . . . . 62
3.15 Effect of water gate height on the humidifier effectiveness. . . . . 63
3.16 Temperature path along the humidifier column. . . . . . . . . . . 64
3.17 Effect of the number of stages on the humidifier effectiveness. . . . 65
3.18 The pressure drop in multi-stage bubble column humidifier. . . . . 66
3.19 Schematic of the nozzle. . . . . . . . . . . . . . . . . . . . . . . . 67
xii
3.20 Losses coefficient through the jet at different Rej for single stage. 68
3.21 Number of stages versus relative humidity of the outlet air. . . . . 69
3.22 The comparison between bubble and packed bed humidifiers. . . . 70
3.23 GOR of TDMC-HDH cycle using the developed multi-stage bubble
column humidifier. . . . . . . . . . . . . . . . . . . . . . . . . . . 73
A.1 Minimum distance of the straightener from the orifice plate. . . . 79
A.2 D and 1/2 D tapping orifice meter. . . . . . . . . . . . . . . . . . 80
B.1 Performance map of GT2252 turbocharger. . . . . . . . . . . . . . 83
C.1 Calibration curves of Ta,in,dry, Ta,in,wet, Ta,out,dry and Ta,out,wet. . . . 86
C.2 Calibration curves of Tw,in and Tw,out. . . . . . . . . . . . . . . . . 87
xiii
Nomenclature
Acronyms
GOR Gained-Output-Ratio
HCR Heat Capacity Rate Ratio
HDH Humidification Dehumidification
SHI Specific Heat Input
TDMC Thermal Driven Mechanical Compression
VPR Vapor Productivity Ratio
Roman Symbols
A area [cm2]
Cd discharge coefficient [-]
D column diameter [mm]
d orifice plate diameter [mm]
g gravitational acceleration [m/s2]
H˙ total enthalpy rate [W]
xiv
h specific enthalpy [J/kg]
hfg specific enthalpy of vaporization [J/kg]
K pressure losses coefficient [-]
m˙ mass flow rate [kg/s]
m˙r mass flow rate ratio [kg/s]
P pressure [kPa]
Pr pressure ratio [-]
Q˙ heat transfer rate [W]
Re Reynolds number [-]
Rej Reynolds number through the jet [-]
s specific entropy [J/kg.K]
Vj air jet velocity [m/s]
∀˙ volumetric flow rate [cm3/s]
VSG air superficial velocity [cm/s]
W˙ work transfer rate [W]
z differential head in manometer [cm]
Greek Symbols
β diameter ratio d/D [-]
∆ change or difference [-]
η isentropic efficiency [-]
xv
ε energy effectiveness [-]
ω specific humidity [kgw/kga]
Ω humidifier efficiency [-]
φ relative humidity[-]
ρ density [kg/m3]
Superscript
ideal ideal condition
ise isentropic
sat saturation
Subscript
a air
c compressor
cold cold stream
D dehumidifier
da dry air
H humidifier
hot hot stream
HX heat exchanger
i inlet
in entering
xvi
max maximum
o outlet
out leaving
pw product water
t turbine
w water
wb wet bulb
xvii
THESIS ABSTRACT
NAME: Obaidallah Mohammad Ali Munteshari
TITLE OF STUDY: Multi-stage Bubble Column Humidifier for Thermal
Driven Mechanical Compression Humidification Dehu-
midification Desalination System
MAJOR FIELD: Mechanical Engineering Department
DATE OF DEGREE: APRIL 2014
Humidification dehumidification (HDH) desalination systems have received sig-
nificant attention due to their simplicity and dependence on low grade/renewable
energy sources such as solar energy. These systems are suitable for low to medium
scale water production for remote and off-grid areas. Among the many configura-
tions of HDH desalination cycles is the varied-pressure HDH desalination cycle.
This cycle can be driven mechanically using an external mechanical energy device
such as a motor or a heat engine. A novel cycle is presented in this work in order
to enhance the cycle performance. In the novel cycle, the carrier gas is heated
before the expander to produce the work required to drive the compressor and to
avoid using an external mechanical energy source. Then, thermodynamic analy-
xviii
sis is performed to understand effects of different key parameters. Based on the
thermodynamic analysis of this cycle, it is essential to have a high humidifier’s
effectiveness to obtain high performance. Therefore, an experimental investiga-
tion on a multi-stage bubble column humidifier is presented. In the bubble column
humidifier, air is blown into the column through a perforated plate located at the
bottom of the column to form bubbles in a pool of hot water. The formation of
bubbles increases the time and surface of contact, which results in an improvement
in the humidification performance. In this work, effects of different parameters on
the humidifier performance are studied. These parameters include air superficial
velocity and mass flow rate ratio, water gate height and sparger profile.
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CHAPTER 1
INTRODUCTION
1.1 Motivation
The need for fresh water is dramatically increasing with the increase in population
growth and unsustainable consumption rate. Many countries face a huge water
scarcity as shown in Figure 1.1. The sacricity of the fresh water is expected
to be the biggest issue in the 21st century. So, the use of desalination systems
is essential to solve this issue. Many conventional desalination technologies are
being used around the world such as multiple effect desalination (MED), multi-
stage flash (MSF) and reveres osmosis (RO) [1] . However, these technologies
are usually on a large scale and most suitable for economically advanced and
rich in energy resources regions of the world. Most of the developing countries
which are suffering from water scarcity do not have sufficient energy resources to
run these technologies. Moreover, delivering distilled water to remote areas faces
many difficulties. So, developing small-scale desalination technologies, which can
1
use solar energy, is an attractive solution, especially for poor and remote areas.
Humidification dehumidification desalination system (HDH) [2], which mimics the
water (rain) cycle in nature, is a promising technology to resolve this issue.
Figure. 1.1: Water scarcity index [3].
2
1.2 Varied-pressure humidification dehumidifi-
cation desalination system review
HDH has recently received considerable attention. The simplest cycle is illustrated
in Figure 1.2. The carrier gas, usually air, is humidified and heated simultaneously
in the humidifier by direct contact with saline water. Then, the pure water is
produced by condensing the humidified air in the dehumidifier.
Figure. 1.2: Basic humidification dehumidification Cycle [2].
Among the many configurations of HDH desalination cycles presented in Fig-
ure 1.3 is the basic varied-pressure HDH desalination cycle as shown in Figure 1.4
[4]. This cycle includes four main items (a) Humidifier; (b) Dehumidifier; (c)
Compressor; and (d) Expander. In this cycle, a carrier gas, mainly air, is humidi-
fied by saline water using a direct contact heat and mass exchanger device, called
a humidifier. Then the carrier gas is compressed using a compressor in which both
3
pressure and temperature increase. An indirect contact dehumidifier is used to
dehumidify the carrier gas and produce fresh water from the condensation of water
vapor carried by the carrier gas. The carrier gas is then expanded in an expander
that lowers the pressure and recovers some of the energy from the pressurized gas.
	
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Figure. 1.3: HDH cycle configurations.
Figure. 1.4: Basic varied-pressure HDH [5].
4
Narayan et al. [4] studied the thermodynamic performance of different HDH
systems. They found that the modified air-heated cycle shows a performance
higher than the existing water-heated cycle. The humidifier and dehumidifier have
similar effect on the performance of the modified air-heated cycle. Also, a varied
pressure cycle is studied. It has high performance compared to the conventional
HDH cycles.
Narayan et al. [5] performed more investigation on the varied-pressure HDH
cycle. They analyzed the cycle in an on-design sense by defining the humidifier
and dehumidifier effectivenesses and the compressor and expander isentropic effi-
ciencies. This cycle has much higher performance compared to the conventional
HDH cycles. However, it is less efficient than reverse osmosis and mechanical
vapor compression since it consumes much more energy as shown in Table 1.1.
Table. 1.1: Comparison of mechanical compression HDH with other work driven small scale desali-
nation technologies [5].
Technologies Energy consumed (kJ/kg)
Reverse Osmosis (RO) with energy recovery 11-18
Mechanical vapor compression (MVC) 25-50
Mechanical compression HDH 200-260
Narayan et al. [6] studied a thermal vapor compression varied-pressure HDH
cycle coupled with reverse osmosis unit. This cycle uses steam at high enthalpy
with lower entropy rate which reduces the entropy generation in the system. The
majority of the produced water came from the RO unit.
In the basic varied-pressure HDH cycle (Figure 1.4), the recovered work by
5
the turbine is much less than the consumed work by the compressor and this can
be illustrated on the psychometric chart in Figure 1.5.
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Figure. 1.5: Varied-pressure HDH cycle represented in psychometric chart
Thus, an external source of work besides the recovered work by the turbine is
needed to run the compressor. One way of enhancing the recovered work is by
coupling the turbine or compressor with a motor but this is not easily achievable.
A sophisticated balance is imperative to couple the motor with the turbine or
compressor which increases the cost of the cycle. Also, this will decrease the
GOR of the cycle, since the GOR of the cycle is inversely proportional to the net
work or heat input. Moreover, it is not possible to recover a work from a latent
heat (condensation across the expander) since the expander deals with sensible
heat only. So, more research and development need to be done to improve the
varied-pressure HDH cycle.
6
1.3 Bubble column humidifier review
Heat and mass transfer devices (humidifier and dehumidifier) play a key role in
the HDH systems. In the humidifier of a humidification dehumidification system,
heat and mass simultaneously transfer from the water stream, which comes from
the dehumidifier or heater, to the air stream that comes from the ambient. There
are several devices that could be used as a humidifier for the HDH systems. These
devices include packed bed towers, spray towers, wetted-wall towers, and bubble
columns [7].
In the spray tower, water is sprayed at the top of a cylindrical column and falls
in the form of droplets due to gravity while a running air stream flows upward
to be in direct contact with the water droplets as shown in Figure 1.6. Mist
eliminators are essential to avoid water entrainment in the air leaving the column.
These types of humidification devices have low effectiveness due to the low water
hold-up. Moreover, the pressure drop in the water stream is high due to the losses
in the spray nozzles [8].
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Figure. 1.6: spray tower [9].
Wetted-wall towers could be used as a humidification chamber in the HDH
system. The wetted-wall tower is operated by running a thin film of water down-
ward on the inner perimeter of the column to form a wet surface along the column
length while an air stream flows, either upward or downward, in the column as
shown in Figure 1.7. Air side pressure drop in these devices is probably lower
than the other humidification towers [8]. In addition, it shows high humidifica-
tion efficiency [10]. However, this device has low water flow rate capacity since
8
the water only flows on the inner surface of the tower.
Figure. 1.7: Wetted-wall tower.
The packed bed tower is widely used as a humidifier in the HDH system [11–
15]. It is similar to the spray tower in using spray nozzles. However, in the packed
bed towers as shown in Figure 1.8, the column is filled with packing material to
enhance the humidification efficiency since the water droplets are more dispersed
in this packing material, which increases the contact time and contact surface.
9
Figure. 1.8: Packed bed tower [16].
Recently, the bubble columns have received much consideration and has been
highlighted as a good replacement for packed bed towers [17]. In the bubble
column humidifier, hot water enters the bubble column and accumulates till it
reaches a certain level while air is injected into the column through a perforated
plate or perforated pipe (sparger) located at the bottom of the column to form
bubbles in the pool of the hot water. Mass and heat transfer coefficients are
maximized due to water diffusion into the air bubbles. This device is simple in
design with low cost.
El-Agouz and Abugderah [18] investigated the performance of a single stage
bubble column humidifier experimentally. An evaporator chamber with a square
cross section of 500mm × 250mm and 700mm height has been used in their ex-
periment. The air stream enters into the humidifier through 32 holes of 10mm
diameter located on both sides of a 75mm diameter PVC pipe, which is submerged
in a pool of water in the humidifier. They have studied the effect of different oper-
10
ational conditions including water level difference, water and air temperature and
air flow rate on the vapor content difference and the bubble column humidifier ef-
ficiency. The obtained results showed that the performance of the bubble column
is substantially affected by the air velocity and the inlet water temperature. The
difference of vapor content was high compared to that obtained by Garg et al. [19]
for the single stage packed bed tower and very similar to the multi-stage spray
tower obtained by Chafik [20, 21] and Amara et al. [22]. Within the range of oper-
ational conditions studied, the maximum performance obtained for the humidifier
was 95% of humidification efficiency with 222gw/kga of vapor content difference
at 75◦C for air and water.
Another study by El-Agouz [23] has been performed using a single stage bubble
column humidifier with a square cross section of 400mm × 300mm and 1000mm
height. Air stream enters into the humidifier through 44 holes of 15mm diameter
located on the top side of a 75mm diameter copper pipe, which is submerged
in a pool of brackish water in the humidifier. The experimental work studied
the influence of different operational conditions on the desalination performance.
These operational conditions include the water level in the column, the water
temperature, and the air flow rate. The obtained results showed that the hu-
midification efficiency is slightly affected by the water level whereas it is strongly
affected by the air flow rate and water temperature. As the air flow rate and wa-
ter temperature increase, the humidification efficiency increases. The maximum
humidification efficiency obtained is 98% at 85◦C of brackish water temperature
11
and 14 kg/hr of air flow rate.
Zhang et al. [24] have conducted an experiment on the influence of the water
level and air flow rate on the air relative humidity and the pressure drop in a single
stage bubble column humidifier. The humidifier is constructed from a sieve plate of
198mm diameter and 8mm thickness, used as a sparger. The sieve plate contains
91 holes of 1mm diameter which are distributed in the form of an equilateral
triangle with an interval of 18mm. The obtained results showed that the air
relative humidity reached 100%. Although the experiment was performed at a
low air superficial velocity (less than 2.3cm/s), the pressure drop exceeded 2 kPa
where air superficial velocity is defined as the ratio of the volumetric flow rate to
the cross sectional area of the bubble column.
Recently, Narayan et al. [25] used the bubble column as a dehumidifier. They
investigated cooling and condensing the moist air in a column of cold water rather
than on a cold surface. In this study, under the same operational conditions, a
maximum heat flux of 8 kW/m2 was obtained in the bubble column dehumidifier
compared to a maximum heat flux of 1.8 kW/m2 which could be obtained using
a typical dehumidifier produced from George Fischer LLC.
Table 1.2 presents a summary of the literature for bubble column humidifier
investigations.
12
Table. 1.2: Summery of the literature review
Author(s) Sparger Column Studied Pa-
rameters
Operational conditions Max. output
# of holes Holes
diameter
Sparger shape
El-Agouz and
Abugderah [18]
32 10 mm Holes on both
side of 75 mm
PVC Pipe
500 mm × 250
mm square cross
section
Ω , ∆ω 30◦C < Tw < 75◦C
30◦C < Ta < 75◦C
8.8 cm/s < VSG < 26 cm/s
1.7 cm < ∆H < 7 cm
Ωmax = 95%
∆ωmax = 222 gw/kga
El-Agouz [23] 44 15 mm Holes on upper
side of 75 mm
copper pipe
400 mm × 300
mm square cross
section
Ω , ∆ω 40◦C < Tw < 85◦C
0.8 cm/s < VSG < 2.7 cm/s
20 cm < H < 60 cm
Ωmax = 98%
∆ωmax = 800 gw/kga
Zhang et al. [24] 91 1 mm Perforated plate cylindrical cham-
ber of 198 mm di-
ameter
∆P , φ 30◦C < Tw < 80◦C
30◦C < Ta < 80◦C
0.4 cm/s < VSG < 2.3 cm/s
6 cm < H < 18 cm
∆P is too high
φmax = 100%
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The following equation was used in the previous publications [10, 18, 21, 23]
in order to evaluate the bubble column humidifier efficiency.
Ω =
ωout − ωin
ωsatout − ωin
(1.1)
where ωin and ωout are the inlet and outlet specific humidity of the humidifier and
ωsatout is the outlet specific humidity at saturation. This definition is not appropriate
to evaluate the performance of the humidifier since ωsatout is evaluated at the exit air
temperature without any consideration of water temperature. So, a new definition
is needed to evaluate the performance of the humidifier correctly. Narayan et al.
[26] proved that an energy based effectiveness definition is the most appropriate
definition for evaluating the humidifier effectiveness.
14
1.4 Objectives
This thesis attempts to address the following matters:
1. Developing the basic varied-pressure HDH cycle and, then, studying the
thermodynamic performance analysis of the new cycle called Thermal Driven
Mechanical Compression HDH cycle (TDMC-HDH). In order to optimize
the design of the new cycle, it is necessary to understand the effect of key
parameters on the overall performance of the system (GOR). These param-
eters include effectivenesses of the components, compressor pressure ratio,
temperature and relative humidity of the inlet air, temperature of water
entering the cycle and air side pressure losses in the system’s components.
This analysis is performed in Chapter 2.
2. Designing and evaluating experimentally a novel system of multi-stage bub-
ble column humidifier in order to achieve high effectiveness with acceptable
pressure losses. The evaluated parameters include air superficial velocity,
mass flow rate ratio, water gate height and sparger profile. Then, results
of the multi-stage bubble column humidifier are incorporated with the new
HDH cycle model to evaluate the performance. This is performed in Chap-
ter 3.
15
CHAPTER 2
THERMODYNAMIC
ANALYSIS OF TDMC-HDH
CYCLE
2.1 Thermal driven mechanical compression
HDH cycle
In this chapter, a novel varied-pressure HDH cycle is proposed. The new cycle
called thermal driven mechanical compression humidification dehumidification de-
salination system (TDMC-HDH) operates the humidifier and dehumidifier cham-
bers at different pressures. Figure 2.1 shows the main components of the modified
cycle; including (a) humidifier, (b) dehumidifier, (c) heat exchanger, (d) heater
and (e) turbocharger (compressor and turbine). The difference in the pressure is
maintained using the compressor and the turbine coupled together by a shaft (tur-
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bocharger). The air is operated in an open loop where it is heated and humidified
in the humidifier. Then, the humidified air is compressed using the compressor
and then cooled and condensed in the dehumidifier. Thereafter, the dehumidi-
fied air is heated by the recovered heat from the turbine’s exhaust. However this
heat is not enough to achieve the temperature required by the turbine to run the
compressor. So, more heat is added using an external source. Afterward, the air
expands in the turbine to recover energy in the form of a work transfer.
In the water cycle, the water is heated in the dehumidifier by recovering some
of the thermal energy gained by the air in the compression process. After that,
the water goes to the humidifier to heat and humidify the air. The brine from
the humidifier is then disposed of while the distilled water is collected from the
dehumidifier.
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Figure. 2.1: Thermal driven mechanical compression HDH cycle
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2.2 System and performance parameters
The parameters used to evaluate the performance of the HDH cycle are presented
in this section. These parameters include Gained-Output-Ratio (GOR), vapor
productivity ratio (VPR), specific heat input (SHI), energy effectiveness (ε) and
heat capacity rate ratio (HCR).
2.2.1 Gained-Output-Ratio
GOR is a common parameter to measure the performance of a thermal desalina-
tion plant. It is defined as the ratio of the enthalpy of vaporization of the produced
water to the heat input to the system.
GOR =
m˙pwhfg
Q˙in
(2.1)
Also, GOR is a function of two system parameters. These parameter are vapor
productivity ratio (VPR) and specific heat input (SHI).
GOR =
{
m˙pw
m˙da.ωH,o
}
︸ ︷︷ ︸
VPR
·
{
m˙da.ωH,o
Q˙in
}
︸ ︷︷ ︸
1/SHI
· {hfg}︸ ︷︷ ︸
almost constant
(2.2)
Enthalpy of vaporization (hfg) in these equations is calculated at the temper-
ature of the water entering the dehumidifier.
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2.2.2 Vapor productivity ratio (VPR)
VPR is defined as the ratio of the produced water rate (m˙pw) to the rate of
compressed water vapor (at the humidifier exit) (m˙da.ωH,o) in the system .
VPR =
m˙pw
m˙da.ωH,o
(2.3)
VPR is an indicator for humidifier and dehumidifier effectivenesses. Since the
water produced can not be more than the compressed water vapor, the value of
VPR is always less than unity. High value of VPR is preferred which means more
compressed water vapor is condensed in the dehumidifier.
2.2.3 Sapicific heat input (SHI)
SHI is defined as the ratio of the heat input to the system (Q˙in) to the rate of
compressed water vapor (at the humidifier exit) (m˙da.ωH,o).
SHI =
Q˙in
m˙da.ωH,o
(2.4)
The amount of heat input depends on the rate of compressed water vapor since
this heat is utilized by the turbine to provide the work needed by the compressor.
Low value of SHI means that less heat needed to compress the moist air exiting
from the humidifer.
19
2.2.4 Energy effectiveness
The energy effectiveness for adiabatic heat and mass exchange devices is defined
as the ratio of total enthalpy rate difference (∆H˙) to the maximum possible total
enthalpy rate difference (∆H˙max). Depending on which stream has the maximum
heat capacity rate, the maximum possible change in total enthalpy rate can be
of either the moist air or water stream. Further discussion of this concept can be
found in the work of Narayan et al. [26].
ε =
∆H˙
∆H˙max
(2.5)
2.2.5 Heat capacity rate ratio
In this work, the heat capacity rate ratio for the heat and mass exchange devices
is defined as the ratio of the maximum possible change in the total enthalpy rate
of the cold stream to the maximum possible change in the enthalpy rate of the
hot stream. The theory behind this definition is explained by Narayan et al. [27].
HCR =
∆H˙max,cold
∆H˙max,hot
(2.6)
It was shown that the entropy generation of a heat and mass exchange device
is minimized when the heat capacity ratio is equal to unity, irrespective of the
values of other variables [27].
20
2.3 Equations and modeling details
In order to evaluate the performance of the thermal driven mechanical compression
humidification dehumidification desalination systems, a thermodynamic analysis
has been performed. The following approximations and assumptions have been
made to achieve the thermodynamic analysis [4]:
1. The processes work at steady-state conditions.
2. Heat losses from the system components to the ambient are neglected.
3. Power of the pump is negligible compared to the input heat.
4. In the energy balance equation, the potential and kinetic terms are neglected.
5. The distilled water leaves the dehumidifier at the average temperature of
the moist air dew point at the inlet of the dehumidifier and the moist air
dry bulb at the outlet of the dehumidifier.
6. Mechanical losses in the turbocharger are neglected.
Figure 2.2 shows stations’ numbering where the processes between the stations
are described in Table 2.1.
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Figure. 2.2: Thermal driven mechanical compression HDH cycle stations
Table. 2.1: Processes of TDMC-HDH cycle
Station Component Process
1→ 2 & 10→ 11 Humidifier humidification
2→ 3 Compressor compression
3→ 4 & 9→ 10 Dehumidifier dehumidification
4→ 5 & 7→ 8 Heat exchanger recovering heat
5→ 6 Heater (Burner) heating
6→ 7 Turbine expansion
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2.3.1 Humidifier
There are two counter-flow streams in the humidifier. One stream is the water
that comes from the dehumidifier and the other stream is the air that comes from
ambient. Based on the mass conservation principle, the mass flow rate of dry air
is constant through the system.
m˙da = m˙da,i = m˙da,o
⇒ = m˙1 = m˙2
(2.7)
In the humidifier, the water stream is transferring mass and heat to the moist
air. The mass balance equation across the humidifier is described by the following
equation:
m˙w,o = m˙w,i − m˙da(ωa,o − ωa,i)
⇒ m˙11 = m˙10 − m˙da(ω2 − ω1)
(2.8)
Based on the definition mentioned in Section 2.2.4, the energy effectiveness of
the humidifier can be described in terms of mass flow rates and enthalpies by one
of the following two equations:
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Case I, ∆H˙max,w < ∆H˙max,a:
εH =
m˙w,ihw,i − m˙w,ohw,o
m˙w,ihw,i − m˙w,ohidealw,o
⇒ =
m˙10h10 − m˙11h11
m˙10h10 − m˙11hideal11
(2.9)
Case II, ∆H˙max,w > ∆H˙max,a:
εH =
ha,o − ha,i
hideala,o − ha,i
⇒ =
h2 − h1
hideal2 − h1
(2.10)
where hideal11 and h
ideal
2 are calculated at the inlet air wet bulb temperature (Twb,1)
and inlet water temperature (T10), respectively.
Based on the First Law of Thermodynamics, the energy balance of the humid-
ifier is written as:
m˙da(ha,i − ha,o)︸ ︷︷ ︸
∆H˙a
+ m˙w,ihw,i − m˙w,ohw,o︸ ︷︷ ︸
∆H˙w
= 0
⇒ m˙da(h1 − h2) + (m˙10h10 − m˙11h11) = 0
(2.11)
where ∆H˙a represents the difference in the total enthalpy rate for the humid air
stream and ∆H˙w represents the difference in the total enthalpy rate for the water
stream.
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2.3.2 Dehumidifier
Two counter-flow streams are considered in the dehumidifier. One stream is the
feed water and the other is the humid air. In the dehumidification process, heat
transfer from the humid air to the feed water causes condensation for some of the
water vapor which forms distilled water.
Since there is no mass transfer from or to the feed water stream, its mass flow
rate enters and leaves the dehumidifier at the same rate:
m˙w,o = m˙w,i
⇒ m˙10 = m˙9
(2.12)
Using the mass balance across the dehumidifier, the flow rate of the condensed
water can be calculated as following:
m˙pw = m˙da(ωa,i − ωa,o)
⇒ m˙12 = m˙da(ω3 − ω4)
(2.13)
The energy effectiveness of the dehumidifier is defined as follows:
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Case I, ∆H˙max,w < ∆H˙max,a:
εD =
hw,i − hw,o
hw,i − hidealw,o
⇒ =
h9 − h10
h9 − hideal10
(2.14)
Case II, ∆H˙max,w > ∆H˙max,a:
εD =
m˙da(ha,o − ha,i) + m˙pwhpw
m˙da(hideala,o − ha,i) + m˙pwhpw
⇒ =
m˙da(h4 − h3) + m˙12h12
m˙da(hideal4 − h3) + m˙12h12
(2.15)
where hideal10 and h
ideal
4 are evaluated at the inlet air temperature (T3) and inlet
water temperature (T9), respectively.
Based on the First Law of Thermodynamics, the energy balance of the dehu-
midifier is written as:
m˙da(ha,i − ha,o)− m˙pwhpw︸ ︷︷ ︸
∆H˙a
+ m˙w,i(hw,i − hw,o)︸ ︷︷ ︸
∆H˙w
= 0
⇒ [m˙da(h3 − h4)− m˙12h12] + m˙9(h9 − h10) = 0
(2.16)
where ∆H˙a represents the difference in the total enthalpy rate for the humid air
stream and ∆H˙w represents the difference in the total enthalpy rate for the water
stream.
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2.3.3 Turbocharger
The turbocharger consists of a compressor and turbine coupled together by a shaft.
The turbocharger is considered to be the heart of the thermal driven mechanical
compression HDH cycle, since it maintains the pressure difference between the
humidifier and the dehumidifier and recovers the work from the exhausted moist
air and transfers it to the compressor.
W˙out,t = W˙in,c (2.17)
Compressor
The compression work needed to maintain the pressure difference in the air stream
is expressed as:
W˙in,c = m˙da(ha,o − ha,i)
⇒ = m˙da(h3 − h2)
(2.18)
The isentropic efficiency for the compressor is written as:
ηc =
hisea,o − ha,i
ha,o − ha,i
⇒ =
hise3 − h2
h3 − h2
(2.19)
where, for the isentropic process, the state of the moist air at the exit of the
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compressor is calculated using,
sisea,o = sa,i
⇒ sise3 = s2
(2.20)
ωa,o = ωa,i
⇒ ω3 = ω2
(2.21)
Turbine (Expander)
The First Law of Thermodynamics for the turbine can be written as:
W˙out,t = m˙da(ha,i − ha,o)
⇒ = m˙da(h6 − h7)
(2.22)
The isentropic efficiency of the turbine is expressed as:
ηt =
ha,i − ha,o
ha,i − hisea,o
⇒ =
h6 − h7
h6 − hise7
(2.23)
where, for the isentropic process, the state of the moist air at the exit of the
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turbine is calculated using,
sisea,o = sa,i
⇒ sise7 = s6
(2.24)
ωa,o = ωa,i
⇒ ω7 = ω6
(2.25)
2.3.4 Heat Exchanger
Since the temperature of the moist air exhausted from the turbine is relatively
high, a heat exchanger is added to recover some heat to the moist air stream
before entering the heater. Based on the First Law of Thermodynamics, the heat
exchanger energy balance can be expressed as:
ha,o − ha,i︸ ︷︷ ︸
moist air stream coming
from the dehumidifier
= ha,i − ha,o︸ ︷︷ ︸
moist air stream coming
from the turbine
⇒ h5 − h4 = h7 − h8
(2.26)
The effectiveness definition of the heat exchanger is as follows:
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εHX =
ha,o − ha,i
hideala,o − ha,i
⇒ =
h5 − h4
h7−h4
(2.27)
2.3.5 Heater
The temperature of the moist air at the exit of the dehumidifier is not high enough
to drive the turbine even after recovering some heat in the heat exchanger. So, an
external source of heat is added to reach to the temperature which turbine needs
to run the compressor. The amount of heat added to the moist air stream can be
calculated using the First Law of Thermodynamics,
Q˙in = m˙da(ha,o − ha,i)
⇒ = m˙da(h6 − h5)
(2.28)
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2.4 Results and discussion
In this section, effects of various parameters on the overall performance of the
system (GOR) are presented and discussed. Engineering Equation Solver (EES)
[28] is used to solve the governing equations (Eqs. 2.1-2.28). In order to optimize
the design of the cycle, it is necessary to understand the effect of the variation of
key parameters. These parameters include: compressor pressure ratio; pressure
losses; humidifier, dehumidifier and heat exchanger effectivenesses; and ambient
conditions. The performance of the cycle is evaluated under the baseline values
which are given in Table 2.2.
Table. 2.2: Baseline values
Parameter Definition Value Unit
T1 temperature of air entering the system 30
◦C
T9 temperature of water entering the system 25
◦C
φ1 relative humidity of air entering the system 50 %
PH humidifier pressure 101.3 kPa
m˙da mass flow rate of dry air 0.1 kg/s
Pr compressor pressure ratio 1.5 -
HCRH heat capacity rate ratio of the humidifier 1 -
εH humidifier effectiveness 90 %
εD dehumidifier effectiveness 90 %
εHX heat exchanger effectiveness 85 %
ηc compressor efficiency 78
∗ %
ηt turbine efficiency 85 %
∆PH pressure drop across the humidifier 0.5 kPa
∆PD pressure drop across the dehumidifier 0.5 kPa
∆PHX pressure drop across the heat exchanger 0.5 kPa
* Performance map of turbocharger used is illustrated in Appendix B.
In previous studies [4, 27], it was shown that the optimum performance occurs
at HCR=1 for either the humidifier or dehumidifier. For mechanical compres-
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sion varied-pressure HDH cycle, the overall entropy generation is minimized at a
balanced condition of the humidifier (HCRH = 1) as illustrated in Figure 2.3 [5].
Figure. 2.3: Effect of heat capacity ratio of humidifier on specific work and specific entropy genera-
tion [5].
Figure 2.4 shows the variation of performance of the system (GOR) plotted
against the heat capacity ratio of the humidifier for various values of water inlet
temperature (T9) at fixed values of humidifier and dehumidifier energy effective-
ness, turbine and compressor efficiencies and the pressure ratio, as mentioned in
Table 2.2. Irrespective of the value of water inlet temperature, GOR is maximized
at HCRH = 1 whereas it is not the case for HCRD since GOR is maximized at
different values of HCRD, as shown in Figure 2.5. Thus, the maximum GOR
occurs at a balanced state for the humidifier. So, all the presented calculations
are performed at HCRH = 1.
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Figure. 2.4: HCR of the humidifier versus GOR for TDMC-HDH cycle at various water inlet tem-
peratures.
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Figure. 2.5: HCR of the dehumidifier versus GOR for TDMC-HDH cycle at various water inlet
temperatures.
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2.4.1 Effect of pressure ratio and pressure losses
Pressure ratio, in this cycle, is expressed as the ratio of the pressure of the dehu-
midifier (PD) to the pressure of the humidifier(PH).
Pr =
PD
PH
(2.29)
Pressure ratio and pressure losses are considered to be essential design pa-
rameters for the TDMC-HDH system since the system is operated at different
pressures. Figure 2.6 illustrates the variation of GOR when the value of the pres-
sure ratio is varied from 1.25 to 2. The effect of the pressure ratio is evaluated at
0, 1 and 2 kPa pressure losses in the system components (∆PH = ∆PD = ∆PHX)
while all other parameters are fixed at the baseline values shown in Table 2.2.
It is clear that at low pressure ratios the pressure losses cause a significant drop
in the performance of the system. However, the effect of the pressure losses on
the performance of the system diminises at high pressure ratio. So, operating the
system at high pressure ratio is preferable to minimize the effect of the pressure
losses. However, operating the system at very high pressure ratio will increase the
cost and the size of the system and this needs to be optimized. Meanwhile, 1.5
pressure ratio is used to evaluate the effect of the other parameters.
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Figure. 2.6: Effect of pressure losses on performance of TDMC-HDH system.
Also, It is observed that the performance of the system (GOR) increases dra-
matically until it reaches Pr = 1.8 then slightly decreases. This variation in GOR
can be explained by recalling the definition of GOR (Eq. 2.2) where GOR is a
function of VPR and SHI. Figure 2.7 illustrates the variation of VPR and SHI
against the pressure ratio. It is observed that VPR increases as Pr is increased.
This trend is expected since the condensation process is enhanced by increasing
the pressure in the dehumidifier side. SHI, on the other hand, is decreases dra-
matically till Pr = 1.5 then remains constant. High value of SHI because the
performance of the compressor decreases at low pressure ratio (see Appendix B)
which means more kilojoules of heat is needed to compress one kilogram of water
vapor.
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Figure. 2.7: The effect of pressure ration on vapor productivity ratio and rate of heat input.
2.4.2 Effect of humidifier, dehumidifier and heat ex-
changer effectivenesses
Figure 2.8 illustrates the effect of the components’ effectivenesses on performance
of TDMC-HDH cycle. In this figure, while one of the components’ effectivenesses
changes, the others are fixed at the baseline values. It is observed that GOR
increases dramatically as components effectivenesses are increased. For example,
if we increase the humidifier effectiveness from 80% to 90%, GOR will increase
by 55%. In this cycle, both the humidifier and dehumidifier effectivenesses have
a similar effect on the performance of the cycle. Therefore, developing humidifier
and dehumidifier devices is essential to improve the performance of the system.
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Figure. 2.8: Effect of humidifier, dehumidifier and heat exchanger effectivenesses on performance of
TDMC-HDH system.
2.4.3 Effect of ambient conditions
This desalination unit is supposed to work outdoors where ambient conditions
are changing continuously. So, studying the effect of ambient parameters that
may affect the performance of the system is necessary. These parameters include
the temperature and relative humidity of the air and the temperature of the
water. Figure 2.9 shows the effect of air and water inlet temperatures on the
performance of the system (GOR). The dashed lines represent the variation of air
inlet temperature (entering the humidifier from the ambient) while the water inlet
temperature is fixed at the given values. It is clear that GOR decreases as air inlet
temperature increases. The reason behind this goes back to the configuration of
the system where as the ambient temperature entering the humidifier increases,
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the temperature of air entering the compressor increases. So, the compressor needs
more work input to compress the air, which means more heat input. Therefore,
the performance of the system (GOR) decreases.
The solid lines represent the effect of water inlet temperature (entering the
dehumidifier from the ambient) variation on GOR while the air inlet temperature
is fixed at the given values. The trend of the performance is expected since as the
temperature of the water entering the dehumidifier increases, the temperature of
the air exiting from the dehumidifier increases. Thus, a lower amount of heat will
be added to the system which results in high performance (GOR).
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Figure. 2.9: Effect of the temperature of air and water entering the system from ambient on the
performance of the system.
Figure 2.10 shows the effect of the air inlet relative humidity on the perfor-
mance of the system (GOR) at various values of inlet air temperature. It is clear
that GOR decreases with increasing inlet air relative humidity. This result may
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seem contradicted with results obtained from closed air open water cycle (CAOW)
[4]. In CAOW cycle, the moist air exiting from the dehumidifier enters the hu-
midifier which means the mist air at the outlet of the dehumidifier and the inlet of
the humidifier has the same conditions. Higher value of relative humidity means
more condensation in the dehumidifier. So, the relative humidity in this cycle
represents the condensation performance. Thus, GOR increases as the air relative
humidity at the outlet of the dehumidifier (the inlet of the humidifier) increases
. However, in open air open water cycle (OAOW), GOR increases as the inlet
air relative humidity decreases as shown in Figure 2.11 [29]. The primary factor
behind this increasing in the performance is that if the moist air enters the humid-
ifier at low relative humidity (low moisture content), it will have grater potential
to absorbed moisture than if it is saturated. Also, the saline water will leave the
humidifier at lower temperature because of the difference between the dry and
wet-bulb temperatures.
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Figure. 2.10: Effect of ambient relative humidity on the performance of the system.
Figure. 2.11: GOR versus ambient relative humidity for OAOW-WH cycle. GOR for CAOW-WH
cycle also plotted for reference [29].
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2.5 Target Performance
In the previous section (Section 2.4), the performance of the cycle is evaluated
under more realistic conditions which are listed in Table 2.2. In this section, the
maximum performance of the system is evaluated by ignoring the irreversibly in
the humidifier, dehumidifier and heat exchanger where the turbocharger is only
the design constrain. So, effectiveness of 100% and pressure losses of 0.0 kPa in
these components are used to evaluate the maximum performance where the rest
parameters are kept as same as listed in Table 2.2. Figures 2.12-2.15 show the
effect of pressure ratio; mass flow rate ratio; inlet air and water temperatures and
inlet air relative humidity on the performance of the system (GOR); respectively.
It is clear that the variations of the performance have similar trends as well as the
results discussed in the previous section. The peak performance (GOR) under the
given boundary conditions is 13.6 at pressure ratio of 1.7 and mass flow rate ratio
of 8.2. The maximum performance (GOR) obtained is 27 at inlet air temperature
(T1) of 20
◦C and inlet water temperature of 31◦C. Moreover, the performance of
the system (GOR) could exceed 30, if the performance parameters and boundary
conditions are optimized at the maximum performance.
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Figure. 2.12: Effect of pressure ratio on the maximum performance of TDMC-HDH system.
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Figure. 2.13: Effect of mass flow rate ratio on the maximum performance of TDMC-HDH system.
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Figure. 2.14: Effect of inlet air and water temperatures on the maximum performance of TDMC-
HDH system.
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Figure. 2.15: Effect of inlet air relative humidity on the maximum performance of TDMC-HDH
system.
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CHAPTER 3
MULTI-STAGE BUBBLE
COLUMN HUMIDIFIER
In this chapter, an experimental investigation is conducted in order to evaluate
the performance of a multi-stage bubble column humidifier. The effect of different
parameters on the humidifier performance and the pressure losses are studied.
These parameters include air superficial velocity, mass flow rate ratio, number of
stages, water gate height and sparger profile.
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3.1 Terminology used
• Air superficial velocity (VSG): the ratio of the volumetric flow rate of the air
(∀˙a) to the cross sectional area of the bubble column (Acolumn) [30, 31],
VSG =
∀˙a
Acolumn
(3.1)
• Mass flow rate ratio (m˙r): the ratio of the mass flow rate of the water stream
(m˙w) to the mass flow rate of the air stream (m˙a),
m˙r =
m˙w
m˙a
(3.2)
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3.2 Multi-stage bubble column humidifier de-
sign
In order to conduct the multi-stage bubble column humidifier experiment, different
designs have been developed. However, among these designs, only one design
was selected to conduct the experiment. This chapter will discuss the detailed
description of the multi-stage bubble column humidifier design and experiment
setup.
3.2.1 Frame
The column of the multi-stage humidifier is constructed out of 277mm Plexiglas
pipe which is a transparent thermoplastic material with thermal conductivity of
0.19 W/m.K. Using such a material will be helpful to see what happens inside the
column while the experiment is running. Also, due to its low thermal conductivity,
heat losses from the system will be minimized.
3.2.2 Sparger
The sparger or perforated plate is made of a PVC sheet, 18mm thick. Three
different configurations for the sparger have been tested as shown in Figure 3.1.
These three spargers differ in their number of holes, pitch size and open area ratio
where open area is the ratio between the total area of the holes and total sparger
area. Table 3.1 shows the configuration parameters for each sparger.
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(a) (b) (c)
Figure. 3.1: Tested spargers
Table. 3.1: Spargers profile
Sparger dia- Sparger Hole dia- Open area Number of Pitch size
-meter [mm] -meter [mm] ratio [%] holes [mm]
a 277 2 0.68 130 20
b 277 2 2.22 425 10
c 277 2 2.71 520 10
Holes are designed in a way to reduce the dynamic pressure drop. Figure 3.2
illustrates that the diameter of the holes extends 5mm from the entrance till 2mm
before the upper surface of the sparger. Then, the diameter of the hole narrows
to 2mm till the upper surface of the sparger.
The sparger is fitted in the column by an embedded O-ring around the sparger
as shown in Figure 3.3. The O-ring and groove design have been selected according
to MARCO RUBBER & PLASTIC PRODUCTS, INC standards [32, 33]. There
are two main advantages of using this technique. The first one is to prevent air
and water leakages. By using the O-ring fitting, there will be no leakage between
the stages or to the surroundings. The second advantage is to make the device
installation easier and faster.[32]
The sparger includes a water gate holder which is also designed using an em-
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Figure. 3.2: Holes design
Figure. 3.3: Embedded O-ring around the sparger
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bedded O-ring as shown in Figure 3.4a. The advantage of using this technique
here is to control the height of the water gate easily. Also, the sparger includes a
holder for the base cup of the water gate as shown in Figure 3.4b.
(a) Holder of water gate (b) Holder of water gate base
Figure. 3.4: Embedded O-ring for water gate and base cup holder
Figure 3.5 illustrates how the water gate and its base are installed in the
sparger.The water gate rises above the sparger and contains a cone cup on its top
tip to collect the water without bubbles. Then the water goes through this gate
to the other stage. The bottom tip of the water gate is installed in the base cup
to force the air stream to go to the other stage through the sparger instead of the
water gate.
3.2.3 Upper and lower plates
Upper and lower plates are, as well as the sparger, made of 18mm thick CPVC.
Also, they fitted in the column using an embedded O-ring. Figure 3.6a shows that
the upper plate includes the air exit gate and the water entrance gate, whereas
the lower plate includes the air entrance gate, water exit gate, and the base cup
for the water gate of the first stage as shown in Figure 3.6b.
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Figure. 3.5: Assembling the water gate and its base cup in the spargers
(a) Upper plate.
(b) Lower plate.
Figure. 3.6: Upper and lower plates design.
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3.3 How it works
There are two counter-flow streams in the humidifier. One stream is the water
that comes from the dehumidifier and the other stream is the moist air that comes
from ambient. In the humidifier, mass and heat are transferred simultaneously
from saline water to the air stream. Figure 3.7 shows how the water and air
streams flow in the bubble column humidifier.
3.3.1 Water stream
The hot water stream enters the bubble column through the water entrance gate
which ends in a base cap to prevent the air from entering the water entrance gate.
Then, the water overflows the base cup and flows over the sparger until reaching
the cone cup to be collected there. After this, it flows through the water gate
to the other stage. The same thing will be repeated in the next stages until it
reaches the lower plate.
3.3.2 Air stream
The air enters the bubble column humidifier at the ambient conditions. Then, the
air is sparged through the sparger to form bubbles in a pool of hot water. In this
direct contact process, mass and heat are transferred simultaneously from the hot
water to the air bubbles. Then, the humid air moves to the next stages in the
same manner until reaching the air exit gate.
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Water inAir mixture out
Water outAir mixture in
Figure. 3.7: Multi-stage bubble column humidifier
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3.4 Experimental setup and procedures
3.4.1 Experimental setup
In order to study the performance of a multi-stage bubble column humidifier,
a laboratory scale setup was designed and built. Figure 3.8 shows a schematic
diagram of the experimental setup used in the study. The setup consists of an
air blower, an instant water heater, and a multi-stage bubble column. The air
is delivered to the bubble column humidifier (17) by an 800 W air blower (1)
with a maximum volumetric flow rate of 4.5 m3/min. Then, the air is humidi-
fied and heated up in the bubble column humidifier by direct contact with the
water stream, then leaves from the outlet gate. The water is supplied from a tap
through 1/2′′ CPVC pipe. Then, the water is heated up using an instant water
heater (15) with maximum power of 7.5 kW. The water heater is supported by
a proportional-integral-derivative controller (PID controller) in order to provide
a constant temperature for the water stream. The hot water enters the bubble
column humidifier through the upper plate and leaves through the lower plate.
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Figure. 3.8: Schematic diagram of experimental setup: (1) Air blower, (2, 5) Manometer, (3)
Orifice meter, (4, 9, 14, 16) Valve, (6, 7, 8, 10, 11, 12) Thermocouple, (13)
Rotameter, (15) Water heater, (17) Bubble column humidifier.
3.4.2 Procedures
1. The experiment starts by blowing the air into the bubble column humidifier
using the blower because if the water flows first, it will go through the
sparger holes.
2. The volumetric flow rate of the air stream is adjusted to the desired volumet-
ric flow rate using the orifice meter (3) and throttle valve (4). In Appendix
A, the orifice meter design is described in detail.
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3. After blowing the air stream, the water supply valve (16) is opened. Throttle
valve (14) is used to control the volumetric flow rate of water which is
measured using a rotameter (13).
4. The water heater (15) is turned on and set to the desired temperature.
5. The system is observed until it reaches steady state conditions. It usually
takes from 15 min to 20 min to reach steady state conditions.
6. While the experiment is running, the valves, rotameter, and orifice meter
are continuously monitored and readjusted to the desired flow rate.
7. At steady state conditions, the values of water temperatures at the inlet
and outlet of the water stream and air dry-bulb/wet-bulb temperatures at
the inlet and outlet of the air stream are recorded using thermocouples (12,
8, 6, 7, 10 and 11) respectively. The value of pressure drop in the bubble
column humidifier is recorded using a manometer (5).
3.4.3 Measurement devices
The thermocouples used in the experiment are of K-type. The thermocouples are
connected to a data logger with accuracy of ±0.5◦C. The rotameter used for water
volumetric flow rate measurement has a range of 1− 7 LPM (16.7− 116.7 cm3/s)
with accuracy of ±0.25 LPM (4.17 cm3/s). The pressure difference across the
orifice meter and the pressure drop in the bubble column humidifier are measured
using water manometers with accuracy of ±1 mm.
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The approach described by Coleman and Steele [34] was performed, in order
to estimate the uncertainty in the presented results, as described in Appendix C.
The uncertainty in the measurements is defined as the root sum square of the
bias error of the instrumentation and the precession error observed. Accordingly,
the resulting uncertainties are ±0.67 cm/s, ±0.283 kg/s, ±0.83%, ±0.85% and
±2.52% in the calculated air superficial velocity, mass flow rate ratio, inlet air
relative humidity, outlet air relative humidity and humidifier effectiveness.
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3.5 Results and discussion
3.5.1 Sparger profile selection
Three different spargers were used in this experiment. The design of these three
spargers is discussed in Section 3.2.2. Sparger (c) does not work efficiently since
there is a water leakage through the boundary openings. This could be attributed
to the shear stress near the wall of the column which results in a low air velocity
at that region. So, sparger (c) is not considered in this investigations.
Figure 3.9 shows the effect of the sparger profile on the humidifier effectiveness
at different mass flow rate ratios. It is clear that the humidifier effectiveness is
slightly affected by the sparger profile where the effectiveness for sparger (a) is
only 2.5% higher than sparger (b). However, as shown in Figure 3.10, the pressure
losses in sparger (a) is much higher (more than 400%) than sparger (b) because
the number of holes is fewer which means higher air jet velocity through the holes
and higher dynamic pressure losses. For this reason, sparger (b) was selected for
further investigations.
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Figure. 3.9: Effect of sparger profile on the humidifier effectiveness. Boundary conditions: Ta,i =
34.2◦C; φa,i = 55%; Tw,i = 63.1
◦C; P = 101.3kPa; h = 5cm; VSG = 25cm/s; single-
stage.
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Figure. 3.10: Effect of sparger profile and air superficial velocity on the pressure drop. Boundary
conditions: Ta,i = 34.2
◦C; P = 101.3 kPa; h = 5 cm; m˙r = 2; single-stage.
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3.5.2 Effect of the mass flow rate ratio on the humidifier
performance
Figure 3.9 illustrates the effect of the mass flow rate ratio on the humidifier perfor-
mance. It is clear that the effectiveness is minimum at m˙r = 4 where heat capacity
rate ratio (HCRH) is close to unity (thermal balanced condition). The reason for
getting this low value of effectiveness at balanced condition could be explained by
recalling the definition of HCRH (Eq. 2.6). If HCRH is greater than or less than
unity, one of the streams (air or water) in the humidifier will have a greater heat
capacity rate than the other stream as shown in Figure 3.11a and Figure 3.11b.
Thus, the potential of heat and mass transfer is greatly increased, which results in
a higher effectiveness. On the other hand, the potential of heat and mass transfer
is minimum as HCRH approaches unity since the two streams have the same heat
capacity rate as illustrated in Figure 3.11c. So, for fixed size of heat and mass
exchange devices, the minimum effectiveness is obtained at HCR= 1.
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Figure. 3.11: Heat and mass transfer for different heat capacity rate ratios.
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3.5.3 The importance of the insulation
For a humidifier heat losses to the surrounding reduces the potential of heat
transfer between the water and air. This reduces the effectiveness of the system.
So, insulating the humidifier is necessary to avoid performance degradation due
to heat losses to the surrounding.
In this part, heat losses effect on the humidifier’s effectiveness is analysed and
evaluated experimentally by applying the energy balance on the humidifier as
follow:
m˙da(ha,i − ha,o)︸ ︷︷ ︸
∆H˙a
− (m˙w,ohw,o − m˙w,ihw,i)︸ ︷︷ ︸
∆H˙w
= Q˙loss (3.3)
where ∆H˙a represents the difference in the total enthalpy rate for the humid air
stream and ∆H˙w represents the difference in the total enthalpy rate for the water
stream.
Expanded polyethylene with thermal conductivity of 0.034 W/m.K is used as
an insulator. Figure 3.12 illustrates the influence of insulating the humidifier on
the non-dimensional heat losses (ratio of rate of heat lost through humidifier’s
wall to rate of heat transferred between the two streams). It is clear that the
insulation reduces the heat loss by 50%. So, for all experiments, the humidifier is
operated with insulation.
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Figure. 3.12: Heat losses with and without insulation. Boundary conditions: Ta,i = 34.2
◦C; φa,i =
55%; Tw,i = 63.1
◦C; P = 101.3 kPa; h = 5 cm; VSG = 25 cm/s; single-stage.
3.5.4 Foam formation
Under certain conditions, foam is formed in the bubble column where the air
bubbles are dispersed throughout the water. There are two main factors causing
the foam formation. These factors are the air superficial velocity and the water
gate height. At different water gate height (1-5cm) and high superficial velocity
(greater than 20cm/s for this setup), the velocity at the nozzle is high enough to
form many dispersed bubbles which form foam in the bubble column as shown in
Figure 3.13. However, at water gate height of 5cm and low air superficial velocity,
there is no foam formation because the water accumulates over the sparger before
foam starts forming as shown in Figure 3.14. Nevertheless, if the water gate height
is reduced to less than 2.6cm, the foam will be formed at superficial velocity of
15cm/s.
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(a) Snapshot
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(b) Schematic
Figure. 3.13: Foam formation at VSG = 25cm/s and h = 5cm.
(a) Snapshot




(b) Schematic
Figure. 3.14: Normal bubble flow at VSG = 15cm/s and h = 5cm.
3.5.5 Effect of air superficial velocity and water gate
height
Figure 3.15 shows the effect of the water gate height at different mass ratios on the
humidifier’s effectiveness. If the bubble column humidifier is operated at relatively
high air superficial velocity, the humidifier is slightly affected by the height of the
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water gate as shown in Figure 3.15a and Figure 3.15b. At these two superficial
velocities, foam is formed in the bubble column which increases the water height
and the gas holdup [35]. Therefor, with higher water (in foam formation), the time
and surface of contact are increased enhancing heat and mass transfer. However,
at low air superficial velocity, there is a drop in the effectiveness at 5cm of height
as shown in Figure 3.15c since in this case there is no foam formation. Further
discution on foam formation is presented in Section 3.5.4
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(a) VSG = 25 cm/s
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(b) VSG = 20 cm/s
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(c) VSG = 15 cm/s
Figure. 3.15: Effect of water gate height on the humidifier effectiveness. Boundary conditions: Ta,i =
34.2 ◦C; φa,i = 55%; Tw,i = 63.1
◦C; P = 101.3 kPa; single-stage.
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3.5.6 Effect of the number of stages on the humidifier’s
effectiveness
Up to this point, investigations are carried out on a single-stage bubble column
humidifier. It was clear that its performance is not promising for HDH appli-
cations, being 63% at most. Although, the two streams flow counter-currently,
the exiting water and air temperatures are almost the same as illustrated in Fig-
ure 3.16a because they mix homogeneously in the bubble column. So, imple-
menting a multi-stage bubble column humidifier would resolve this issue. In the
multi-satge bubble column humidifier, the temperature paths of air and water are
segmented to enhance the air temperature to reach higher temperature as shown
in Figure 3.16b. Also, the temperature difference is reduced at each stage which
reduce the irreversibility in the system.
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(b) Multi-stage
Figure. 3.16: Temperature path along the humidifier column.
Experimental result (Figure 3.17) shows the effect of the number of stages
on the humidifier’s effectiveness. As we increase the number of stages, the effec-
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tiveness increases. The improvement in the effectiveness is more than 30% for
a two-stage and more than 45% for a three-stage humidifier. So, the number of
stages has a significant effect on the effectiveness of the humidifier. However, we
can’t go to infinite number of stages since the pressure losses is also proportional
to the number of stages (see Section 3.5.7), which increases the irreversibility of
the system.
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Figure. 3.17: Effect of the number of stages on the humidifier effectiveness. Boundary conditions:
Ta,i = 34.1
◦C; φa,i = 55%; Tw,i = 63.1
◦C; P = 101.3 kPa; h = 1 cm; VSG = 25
cm/s.
3.5.7 Pressure losses
Pressure losses has a significant effect on the performance of the TDMC-HDH
cycle as presented in Section 2.4.1. In this section, the pressure losses in the
multi-stage bubble column humidifier is studied experimentally.
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Figure 3.18 shows the effect of the number of stages on the pressure drop.
It is clear that the pressure drop increases linearly as the number of stages is
increased. Each stage has almost the same pressure losses for the same operating
conditions. The total pressure losses of the humidifier is the sum of pressure losses
for all stages. The dashed line in the figure is the dynamic pressure drop which
represents the major contribution of the total pressure losses. Also, it is observed
that the pressure losses increases as the air superficial velocity is increased.
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Figure. 3.18: The pressure drop in multi-stage bubble column humidifier. Boundary conditions:
Ta,i = 34.2
◦C; P = 101.3 kPa; h = 1 cm; m˙r = 2.
The air flow trough the sparger experiences sudden contraction and expansion
losses as shown in Figure 3.19. These sudden contraction and expansion have
fundamental losses coefficient of 0.5 and 1.0, respectively as shown in Table 3.2.
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Figure. 3.19: Schematic of the nozzle.
Table. 3.2: Loss coeffecient for various transitions [36].
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Figure 3.20 shows the total pressure losses coefficient compared to the fun-
damental losses coefficients through the jet of the sparger at different Reynolds
numbers. The total pressure losses coefficient is evluated by:
K =
∆P
1
2
ρV 2j
(3.4)
It is clear that the total pressure losses coefficient decreases linearly as
Reynolds number decreases because the flow is laminar. The figure shows that
there is still room for improvement since the the total pressure losses coefficient is
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more than twice the fundamental losses coefficient. The difference between them
could be attributed to the friction and circulation through the jet. So, the to-
tal pressure drop in the humidifier could be reduced by having a well designed
perforated plate.
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Figure. 3.20: Losses coefficient through the jet at different Rej for single stage.
3.5.8 Relative humidity of the outlet air
Figure 3.21 presents the effect of the number of stages on the relative humidity
of the outlet air. For the single-stage bubble column humidifier, the relative
humidity exceeds 94%, whereas it is almost 100% for the two- and three-stage
bubble column humidifier. So, the bubble column could be considered as an
effective device for humidifying air. Errors for the relative humidity is less than
1% as given in Appendix C.
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Figure. 3.21: Number of stages versus relative humidity of the outlet air. Boundary conditions:
Ta,i = 34.2
◦C; φa,i = 55%; Tw,i = 63.1
◦C; P = 101.3 kPa; h = 1 − 5 cm; VSG =
15− 25 cm/s; m˙r = 2− 6.
3.5.9 Comparison with packed bed humidifier
Figure 3.22 shows a comparison in effectiveness between the multi-stage bubble
column humidifier and a multi-packing packed bed column carried out by Narayan
et al. [37]. The comparison is conducted under similar conditions. The volume of
each packing block in the packed bed humidifier is 0.07m3, whereas the volume of
each stage in the multi-stage bubble column humidifier is 0.012m3. However, the
multi-stage bubble column humidifier shows high performance compared with the
packed bed humidifier. Even the three-stage bubble column humidifier has higher
effectiveness than the five-packing-block packed bed humidifier, that is 0.036m3
bubble column humidifier compared to 0.35m3 packed bed humidifier. The current
work shows an effectiveness of 85% compared to 76% by the five-packing-block
packed bed humidifier.
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Figure. 3.22: The comparison between bubble column humidifier used in the current work and
packed bed humidifier used by Narayan et al. [37]. Boundary conditions: Ta,i = 33
◦C; φa,i = 40%; Tw,i = 60
◦C; P = 101.3 kPa; m˙r = 2.8.
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3.6 Incorporating the multi-stage bubble col-
umn humidifier in the TDMC-HDH cycle
In this section, the TDMC-HDH cycle is re-evaluated using the results obtained
from the multi-stage bubble column humidifier investigation. For consistency, the
baseline values mentioned before in Table 2.2 are used, except for the humidifier,
the same boundary conditions of the experiment are used. So, the values used are
listed in Table 3.3.
Table. 3.3: The values used to re-evaluate the TDMC-HDH cycle
Parameter Definition Value Unit
T1 temperature of air entering the system 34.2
◦C
T10 temperature of water entering the humidifier 63.1
◦C
φ1 relative humidity of air entering the system 55 %
PH humidifier pressure 101.3 kPa
m˙da mass flow rate of dry air 0.1 kg/s
Pr compressor pressure ratio 1.5 -
εD dehumidifier effectiveness 90 %
εHX heat exchanger effectiveness 85 %
ηc compressor efficiency 78
∗ %
ηt turbine efficiency 85 %
∆PH pressure drop across the humidifier 0.91 kPa
∆PD pressure drop across the dehumidifier 0.5 kPa
∆PHX pressure drop across the heat exchanger 0.5 kPa
* Performance map of turbocharger used is illustrated in Appendix B.
In Table 3.4, the pressure losses and humidifier effectiveness are listed at dif-
ferent mass flow rate ratios. These data are obtained from the three-stage bubble
column humidifier at Ta,i = T1 = 34.2
◦C; φa,i = φ1 = 55%; Tw,i = T10 = 63.1
◦C;
P = 101.3 kPa; h = 1 cm and VSG = 25 cm/s.
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Table. 3.4: Experimental data
Mass flow rate ratio, m˙r Pressure losses,Plosses Effectiveness, εH
[−] [kPa] [%]
Single- 2 0.29 60.0
stage 4 0.29 49.4
6 0.29 61.0
Two- 2 0.60 79.7
stage 4 0.60 68.3
6 0.60 78.4
Three- 2 0.91 87.6
stage 4 0.91 80.0
6 0.91 88.9
Figure 3.23 shows the GOR of TDMC-HDH cycle using the effectiveness of
the developed multi-stage bubble column humidifier. Although the minimum
effectiveness is at m˙r = 4 which corresponds to HCRH ≈ 1, the maximum GOR
is obtained at this point. This can be explained by recalling the effect of the
heat capacity ratio of the humidifier (HCRH) on the GOR of the system where
the irreversibility of the system is minimized at HCRH = 1, further discussion
is presented in Section 2.4. So, it is very important to enhance the humidifier’s
effectiveness at the optimum mass ratio (where HCRH = 1).
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Figure. 3.23: GOR of TDMC-HDH cycle using the developed multi-stage bubble column humidifier.
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CHAPTER 4
CONCLUSION AND FUTURE
SCOPE
4.1 Conclusion
1. A novel desalination system has been described. It is an improvement of a
varied pressure HDH system.
2. Effect of various parameters on the overall performance of the system (GOR)
have been presented and discussed. These parameters include: compressor
pressure ratio; pressure losses in the system’s components; humidifier, de-
humidifier and heat exchanger effectivenesses; compressor and turbine effi-
ciencies; and ambient conditions.
3. Under optimized conditions, the performance of the reversible TDMC-HDH
system (GOR) could exceed 30.
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4. From the analysis, it is essential to have a very effective humidifier, dehu-
midifier and heat exchanger to obtain a reasonable GOR.
5. An experimental investigation on a novel design of the multi-stage bubble
column humidifier is presented in this work. The effect of the sparger pro-
file, heat insulation, water gate height, air superficial velocity, and mass
flow rate ratio on the humidifier’s effectiveness, pressure losses, and relative
humidity were studied in this experiment. The conclusion of this study can
be summarized in the following points:
(a) The design of the sparger profile is a very critical issue. There is a min-
imum nozzle velocity (Vnozzle,min) where two undesirable cases might
occur:
• If Vnozzle >> Vnozzle,min ⇒ High pressure losses
• If Vnozzle << Vnozzle,min ⇒ Water leaks through the nozzles
There are several parameters affecting Vnozzle,min. These parameters
include air superficial velocity, water gate height, and sparger design
(# of holes, diameter of nozzles and area ratio). In this experiment,
Vnozzle,min ≈ 7 m/s.
(b) The foam formation phenomena enhances the effectiveness. Since this
phenomena is existed at high air superficial velocity and low water
gate height, operating the humidifier under these two conditions is
preferable.
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(c) The improvement in the effectiveness is more than 30% for the two-
stage and more than 45% for the three-stage humidifier. Maximum
effectiveness obtained is 88.9% at m˙r = 6, whereas the pressure losses
is still relatively low (0.91 kPa). The obtained relative humidity of the
outlet air is almost 100%.
(d) The multi-stage bubble column humidifier shows a higher effectiveness
compared with the packed bed humidifier.
(e) Although the minimum effectiveness is at m˙r = 4, the maximum GOR
obtained is at this point since it corresponds to HCRH ≈ 1. So, it is
very important to enhance the humidifier’s effectiveness at the optimum
mass ratio (where HCRH = 1).
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4.2 Future scope
1. Heating the water entering the system by recovering some heat from the
exhausted air.
2. Enhancing the effectiveness of the humidifier at HCRH = 1 by adding more
stages.
3. Investigating the effect of top brine temperature (temperature of water en-
tering the humidifier) .
4. Investigating the effect of inlet air relative humidity.
5. Using saline water.
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APPENDIX A
ORIFICE METER DESIGN
An orifice meter is a device used for measuring either mass or volumetric flow
rate. It uses Bernoulli’s principle which states that the pressure of the fluid is
inversely proportional to its velocity. The orifice meter is constructed of a thin
circular plate with a sharp edged hole at its center. The plate is placed between
two flanges with gaskets. ISO 5167 [38] is used in order to design and install the
orifice meter.
Since the orifice meter is to be located close to a blower which is a swirl inducing
device, adding a straightener upstream is essential. The straightener consists of
a bundle of tubes. Figure A.1 indicates the minimum acceptable distance of the
straightener from the orifice plate.
3D 2D 5D 2D
D
Straightener
Flow dirction
Orifice plate
Figure. A.1: Minimum distance of the straightener from the orifice plate.
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There are three types of tappings, that is, where the pressure difference is
measured. These three types are flange, corner and d&d/2 tappings. In this
work, d&d/2 tapping is used as shown in Figure A.2.
D
D ½ D
d
Flow direction
Figure. A.2: D and 1/2 D tapping orifice meter.
In this work, the orifice meter is used in order to measure the volumetric flow
rate of the air stream as shown in Figure A.2. The orifice meter is a differential
pressure meter which operates based on Bernoulli’s equation. Hence the volumet-
ric flow rate can be expressed as:
∀˙ = Cd ·
pi
4
D2√
1− (D2/d2)2
·
√
2 g ρw∆z
ρa
(A.1)
where Cd is a discharge coefficient which is considered due to various losses
(sudden change in the flow area, friction losses, etc.). In general, the discharge
coefficient for the orifice meter is a function of Reynolds number as well as the
diameter ratio (β = d/D). However, Cd becomes independent of Reynolds number
at high values of Reynolds number. Based on ISO 5167 [38], Cd is calculated using
the following equation:
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Cd = 0.5959 + 0.0312 β
2.1 − 0.184 β8 − 0.01685 β3+
+ 0.09
β4
1− β4
+ 0.0029 β2.5
(
106
Re
)0.75 (A.2)
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APPENDIX B
TURBOCHARGER
The GT2252 turbocharger is selected to be used in the thermodynamic analysis
[39]. This turbocharger is manufactured by Garrett. Figure B.1 illustrates the
performance map of the GT2252 turbocharger.
From the performance chart, the compressor efficiency is evaluated as follows:
ηc =


−88Pr2 + 263Pr − 120 if Pr < 1.447
78 if Pr ≥ 1.447
(B.1)
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Figure. B.1: Performance map of GT2252 turbocharger [39].
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APPENDIX C
UNCERTAINTY ANALYSIS
This appendix summarizes the approach used to evaluate the uncertainty in the
experimental measurements. The following equation is used as a propagation
equation of 95% confidence intervals,
U2r = B
2
r + P
2
r (C.1)
with a symmetric bias of the result calculated by
B2r =
N∑
i=1
(
∂R
∂Xi
)2
B2Xi +
N∑
i=1
N∑
j=1
2
(
∂R
∂Xi
)(
∂R
∂Xj
)
B
′
Xi
B
′
Xj
(1− δij) (C.2)
and the precession uncertainty of the result calculated by
P 2r =
N∑
i=1
(
∂R
∂Xi
)2
P 2Xi (C.3)
where
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Ur is the total uncertainty error.
Br is the total bias error.
Pr is the total precession error.
R is the reduction equation.
X is the measured variable.
B
′
Xi
and B
′
Xj
are the correlated bias errors.
∂R
∂Xi
is the sensitivity of the measured variable.
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C.1 Thermocouples and data logger calibration
The thermocouples used to measure the dry and wet temperatures of the inlet
and outlet air were calibrated together at the same time using the same data
logger and bath of water. A liquid-in-glass thermometer with accuracy of ±0.5◦C
was used as a reference during the calibration. The calibrations were conducted
at 0.0, 20.0 and 46.5◦C. Curve fitting equations are used to evaluate the actual
temperatures as shown in Figure C.1.
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Figure. C.1: Calibration curves of Ta,in,dry , Ta,in,wet, Ta,out,dry and Ta,out,wet.
The same was applied to the thermocouples used to measure the inlet and
outlet water temperatures. Figure C.2 shows the curve fitting equations used to
evaluate the actual temperatures.
The calibration reduced the bias error provided by the manufacturer from
2.2◦C for the thermocouples and 1%±0.7◦C for the data logger to ±0.5◦C for the
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Figure. C.2: Calibration curves of Tw,in and Tw,out.
combination of the thermocouple and data logger. Also, since the temperatures
were measured using the same device, the bias limit for Ta,in,dry, Ta,in,wet, Ta,out,dry
and Ta,out,wet as well as Tw,in and Tw,out are correlated.
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C.2 Uncertainty analysis tables
The calculations of the uncertainties for VSG, m˙r, φin, φout and ε are listed in
Tables C.1,C.2 and C.3 at m˙r = 2, 4 and 6, respectively.
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Table. C.1: Uncertainty analysis at m˙r = 2
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